Electronic structure and magnetism of LaVC>3 and LaMnC>3 
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In this contribution we derive and discuss energy levels of the strongly-correlated d 2 configuration 
of the V 3+ ion (LaVOa) and of d 4 configuration of the Mn 3+ ion (LaMnOa) in the octahedral 
surroundings in the presence of the spin-orbit coupling and the resulting magnetic properties. We 
take into account very strong correlations among the d electrons and work with strongly-correlated 
atomic-like electronic systems, ground term of which is, also in a solid, described by two Hund's 
rules quantum numbers. In a solid we take into account the influence of crystal-field interactions, 
predominantly of the cubic (octahedral) symmetry. We describe both paramagnetic state and the 
magnetically-ordered state getting a value of 1.3 [ib for the V -ion magnetic moment in the ordered 
state at K for LaVC>3 ( 3 Ti 9 ) and of 3.7 hb for LaMnC>3 ( 5 E 9 ). A remarkably consistent description 
of both zero-temperature properties and thermodynamic properties indicates on the high physical 
adequacy of the applied atomic approach. We point out the necessity to unquench the orbital 
moment in 3d-ion compounds. We claim that the intra-atomic spin-orbit coupling and strong 
electron correlations are indispensable for the physically adequate description of electronic and 
magnetic properties of LaV03 and LaMnC>3. 

PACS numbers: 75.10.Dg, 71.70.-d 
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I. INTRODUCTION AND THE AIM 

LaVC>3 and LaMnOa attract a great scientific interest 
by more than 50 years [1,2]. Despite of it there is still 
strong discussion about the description of its properties 
and its electronic structure. A controversy starts already 
with the description of the electronic ground state. For 
V2O3, a canonical compound of LaVC>3 there is within a 
localized paradigm a long-standing controversy between 
a 5=1 model without an orbital degeneracy [3] and the 
historically first 5=1/2 orbitally degenerate model of 
Castellani et al.[l]. A spin-1 model with three degenerate 
orbitals was worked out by Di Matteo [4] whereas Refs 
[5,6] develop a model where the fluctuations of t2 S or- 
bitals and frustrations play prominent role in magnetism 
ofLaV0 3 . 

In all of these considerations it is agreed that LaVC>3 is 
an insulating antifcrromagnet with the Neel temperature 
of 135-140 K. LaMnC>3 is also insulating antifcrromagnet 
with Tjv of 140 K. The basis for all theories is the de- 
scription of the V 3+ ion (2 d electrons) and the Mn 3+ 
ion (4 d electrons) and their electronic structure in the 
perovskite crystallographic structure. In the perovskite- 
based structure of LaVC>3 and LaMnC>3 the V and Mn 
ions are placed in a distorted oxygen octahedron. 

The aim of this paper is to present a consistent de- 
scription of the low-energy electronic structure and of 
the magnetism of LaVOs and LaMnC>3 as originating 
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from the atomic-like electronic structure of the strongly- 
correlated 3d 2 and 3d 4 electronic systems occurring in the 
V 3+ and Mn 3+ ions. In our description local atomic-scale 
effects, the orbital magnetism and the intra-atomic spin- 
orbit coupling play the fundamentally important role in 
determination of properties of the whole compound. 



II. d STATES OF THE V 3+ ION IN ATOMIC 
PHYSICS 

According to our approach to 3d compounds, that 
seems to be very natural, but is far from being ac- 
cepted within the magnetic community, two d electrons 
of the V 3+ ion in the incomplete 3d shell in LaVC>3 form 
the strongly correlated intra-atomic 3d 2 electron system. 
These strong correlations among the 3d electrons we ac- 
count for by two Hund's rules, that yield the 3 F ground 
term, Fig. la. In the oxygen octahedron surroundings, 
realized in the perovskite structure of LaVC>3, the 3 F 
term splits into two orbital triplets 3 Ti g , 3 T 2g and an 
orbital singlet 3 ^2 ff - In the octahedron with negative 
oxygen ions the ground subterm is orbital triplet 3 Ti g 
as is shown in Fig. lb. All orbital states are triply spin 
degenerated. This degeneration is removed by the intra- 
atomic spin-orbit coupling that is always present in the 
ion/atom. The effect of the spin-orbit coupling is shown 
in Fig. lc. For low-temperature properties the lowest 5 
states of nine states of the 3 Ti g subterm are important. 
Off-octahedral distortions causes further splitting of the 
shown states - important is that there is no more low- 
energy states as only shown. The present calculations 
have been performed with a realistic octahedral CEF 
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FIG. 1: Lowest part of the electronic structure of the d 2 (V 3+ 
ion) in LaVC>3 and of the d 4 configuration (Mn 3+ ion) in 
LaMnC>3 in the strongly-correlated limit, d) schematic elec- 
tronic structures customarily recalled in the current literature 

- these single-electron crystal-field states are, according to us, 
completely oversimplified, a) Hund's rules ground terms, b) 

- effect of the octahedral CEF interactions, c) - the many- 
electron CEF approach with strong intra-atomic correlations 
propagating by us. c) many-electron CEF states in the oc- 
tahedral CEF in the presence of the intra-atomic spin-orbit 
coupling. 
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FIG. 2: Calculated temperature dependence of the paramag- 
netic susceptibility for the strongly-correlated d 2 configura- 
tion for different physical situations. A dramatic effect of the 
spin-orbit coupling on the x _1 vs T dependence should be 
noticed. 



terms: °Ti fl) 1 T 2g , ^g, 1 A lg with the lowest 3 Ti g 
term. In our approach, Quantum Atomistic Solid-State 
Theory, to 3d-ion compounds we assume the CEF to be 
stronger than the spin-orbit coupling, but not so strong 
to destroy intra-atomic correlations. Thus we are work- 
ing in an intermediate crystal- field limit. 
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parameter B 4 = -40 K (=10Dq =600B 4 = 2.06 eV) and 
the spin-orbit coupling as is observed in the free ion, i.e. 
A s _ = +150 K. The spin-orbit coupling effect amounts 
only to 3% the CEF effect but it has enormous influence 
on the eigen-functions and low-temperature properties. 

The derived many-electron electronic structure of the 
d 2 configuration is completely different from very simpli- 
fied electronic structure, shown in Fig. Id, usually pre- 
sented in the current literature with two parallel spin- 
electrons in the triply degenerated t% g orbitals. We do 
not know, why such an oversimplified scheme is usually 
shown despite of the fact that the many-electron CEF 
approach is known already by almost 70 years, though it 
is true that it was rather used not to a solid, but to 3d 
ions as impurities in Electron Paramagnetic Resonance 
(EPR) experiments [7] . For completeness of the descrip- 
tion of the d 2 configuration we can add that for two d 
electrons there is in total 45 states that in the free V 3+ 
ion are arranged into 5 terms ( 3 F, 3 P, 1 G and 1 S). 
The 21-fold degenerated 3 F term is the lowest one ac- 
cording to two Hund's rules (5=1, L=3) - it is a reason 
that its splitting we show in Fig. 1. The octahedral 
CEF splits these 45 states in 5 terms into 11 subterms 
as has been calculated almost 50 years ago by Tanabe 
and Sugano [8]. A t\ g state, usually recalled in the lit- 
erature, is related to the very strong crystal-field limit 
notation and is 15-fold degenerated. It contains 4 sub- 



Ill. INFLUENCE OF THE SPIN-ORBIT 
COUPLING ON LOW-TEMPERATURE 
SUSCEPTIBILITY 

In Fig. 2 we present results of our calculations for 
the paramagnetic susceptibility for different physical sit- 
uations, without the spin-orbit coupling and with and 
without octahedral crystal field, which are shown in the 
X -1 vs T plot. These two curves, without the spin-orbit 
coupling, resemble the Curie law but with the paramag- 
netic effective moment much larger than expected for the 
free 5=1 spin, of 2.82 /xg. An introduction of the spin- 
orbit interactions causes dramatic change of the vs 
T plot - the Curie law is broken. If one would like to ana- 
lyze this x _1 vs T plot within the conventional paradigm 
would infer a Curie- Weiss law with an appearance of AF 
interactions with Qcw of about 500 K. However, such the 
C-W behaviour appears here as the effect of the intra- 
atomic spin-orbit coupling. 



IV. MAGNETIC STATE OF LaV0 3 

For calculations of the magnetic state apart of the a 
single-ion like CEF Hamiltonian we take into account 
additionally intersite spin-dependent interactions (n^ 
- molecular field coefficient, magnetic moment m ( i = 
-(L+2S)mb) [9]: 
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FIG. 3: Temperature dependence of the magnetic moment of 
the V 3+ ion in LaVOa. An anomaly at low temperatures is 
due to an accidental double degeneracy. 

Y J Y, B nOn+n M [ md (m d )- l -(m d ) 2 ^ . (1) 

In Equation (1) the first term is the crystal-field Hamil- 
tonian: here we work with B4= -40 K (an ordinary point- 
charge octahedron with the V-0 distance of 2.0 A gives 
B4= -18 K) and a small tetragonal distortion B 2 = -60 
K. The second term takes into account intersite spin- 
dependent interactions that is necessary to produce the 
magnetic order below Tjv- The self-consistent calcula- 
tions have been performed similarly to that presented 
in Ref. [9] for FeBr 2 . The calculated temperature de- 
pendence of the magnetic moment is shown in Fig. 3. A 
value of 1.3 hb and T N of 140 K are in perfect agreement 
with experimental observations. We have to add, how- 
ever, that due to 5 closely lying discrete states the V 3+ 
ion is very susceptible to lattice distortions and details 
of magnetic interactions. 

V. d STATES OF THE Mn 3+ ION IN ATOMIC 
PHYSICS 

In our view, the four d electrons of the Mn 3+ ion in the 
incomplete 3d shell in LaMnC>3 form the strongly corre- 
lated intra-atomic 3d 4 electron system. These strong cor- 
relations among the 3d electrons we account for by two 
Hund's rules, that yield the 5 D ground term, Fig. la, 
with S=2 and L=2. In the oxygen octahedron surround- 
ings, realized in the perovskite structure of LaMnC>3, the 
5 D term splits into the orbital doublet 5 E g as the ground 
subterm, Fig. lb, and the excited orbital triplet 5 T2 9 . 

The Eg ground subterm comes out from ab initio cal- 
culations for the octupolar potential, the A4 CEF coeffi- 
cient acting on the Mn 3+ ion from the oxygen negative 
charges. Such the atomic-like 3d system interacts with 
the charge and spin surroundings in the solid. 



In Ref. 10 we have described LaMnC>3 with the oc- 
tahedral CEF parameter B 4 = -13 meV, B%=+10 meV, 
the spin-orbit coupling parameter A s _ =+33 meV and 
the molecular-field coefficient n=-26.3 T//ib- We get a 
value of 3.72 [Ib for the Mn 3+ -ion ordered magnetic mo- 
ment that orders magnetically along the a axis within 
the tetragonal plane. The magnetic interactions set up 
at K the molecular field of 108 T (in case of LaVC>3 we 
get 156 T). The calculated magnetic moment of 3.72 \ib 
is built up from the spin moment of +3.96 fis and from 
the orbital moment of -0.24 [Ib- Although the orbital mo- 
ment is relatively small its presence modifies completely 
the electronic structure similarly as occurs in case of the 
V 3+ ion. 

We advocate by years for the importance of the crystal- 
field-based approach to transition-metal compounds. Of 
course, we do not claim that CEF explains everything 
(surely CEF itself cannot explain the formation of a mag- 
netic ordering, for which in Eq. 1 we add the second 
term), but surely the atomic- like 4f/5f/3d cation is the 
source of the magnetism of a whole solid. The atomic- 
scale magnetic moment is determined by local effects 
known as crystal field and spin-orbit interactions as well 
as very strong electron correlations. These strong elec- 
tron correlations are predominantly of the intra-atomic 
origin and are taking into account, in the first approx- 
imation, via on-site Hund's rules. These strong corre- 
lations lead to many-electron version of the CEF ap- 
proach in contrary to the single-electron version of the 
CEF presently popular. 

Finally, we use a name " d electrons" , as often is used in 
literature. Of course, d electrons are not special electrons 
but it means electrons in d states, d states have well 
defined characteristics, like the orbital quantum number 
I. By identifying states in a solid we can identified d 
electrons, in particular their number. 



VI. CONCLUSIONS 

We have calculated electronic structures of d 2 and d 4 
systems occurring in V 3+ and Mn 3+ ions in LaV03 and 
LaMn03 taking into account strong electron correlations 
and the spin-orbit coupling. On basis of our studies we 
reject a possibility for an orbital liquid both in LaV03 
and LaMn03. Both ions are strongly susceptible to lat- 
tice distortions. We reproduce a value of 1.3 /j,b for the 
V 3+ -ion magnetic moment as well as the Neel tempera- 
ture. We advocate for years for an atomistic crystal-field 
approach to 3d-ion compounds with a discrete electronic 
structure and the insulating ground state as an alterna- 
tive to the band picture [11] knowing its enormous short- 
age in description of 3d oxides (metallic instead ionic 
ground state, for instance). Our approach accounts both 
for the insulating ground state, magnetism as well as 
thermodynamical properties. 

* Dedicated to the Pope John Paul II, a man of freedom 
and truth in life and in Science. 
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